A numerical simulation of two-dimensional compressible Navier-Stokes equations using a high-order weighted essentially nonoscillatory finite difference shock capturing scheme is carried out in this paper, to study the effect of shock waves on the development of Rayleigh-Taylor instability. Shocks with different Mach numbers are introduced ahead or behind the Rayleigh-Taylor interface, and their effect on the transition to instability is demonstrated and compared. It is observed that shock waves can speed up the transition to instability for the Rayleigh-Taylor interface significantly. Stronger shocks are more effective in this speed-up process.
I. INTRODUCTION
In this paper, we are interested in studying the effect of shock waves on the development of Rayleigh-Taylor instability ͑RTI͒, through a numerical simulation of the twodimensional Navier-Stokes equations using a high-order weighted essentially nonoscillatory ͑WENO͒ finite difference shock capturing scheme.
Rayleigh-Taylor instability results from the application of a pressure gradient ͑e.g., a gradient due to gravity͒ in the direction opposite to a density gradient. [1] [2] [3] [4] It happens on an interface between fluids with different densities when an acceleration is directed from the heavy fluid to the light fluid. The instability has a fingering nature, with bubbles of light fluid rising into the ambient heavy fluid and spikes of heavy fluid falling into the light fluid; see, for example, Refs. 5 and 6. Eventually, a flow induced by RTI will develop into a high Reynolds number turbulence with very strong nonlinearity. 7 The turbulent flows induced by RTI have found a wide range of applications both in an astrophysical setting 8, 9 and in an inertial confinement fusion. 10 Progress in an understanding of RTI-induced flows 11 will hopefully lead to improved models for astrophysical and engineering calculations. 12, 13 When an external agency is present, the evolution of an RTI-induced flow will be significantly modified. Carnevale et al. 14 demonstrated that the growth of the mixing zone generated by RTI can be greatly retarded by the application of rotation. Specifically, for a weak rotation, the development of the mixing zone would not proceed as far as that of a nonrotating case. For a strong rotation, however, the growth of the perturbation would be diminished so significantly that there is little that can be identified as a mixing layer formation. Pacitto et al. 15 reported an RTI experiment using a magnetic fluid and applying a magnetic field. These authors measured different values of the magnetic field, the wavelength, and the growth rate of the observed pattern. The magnetic field was found to destabilize the interface, decrease the wavelength, and increase the growth rate. The important work by Mügler and Gauthier 16 provided a comprehensive study of a Richtmyer-Meshkov ͑RM͒ flow subject to reshock. They used both carefully controlled experiments and numerical simulations. The initial mixing layer was induced by an RM instability. These authors found that the reshock accelerated the transition to turbulence process. Our initial mixing layer, however, was induced by a Rayleigh-Taylor ͑RT͒ instability. We are interested in how a mixing layer induced by an RT instability interacts with shock waves. Despite many similarities, a mixing layer induced by an RT instability is different from that which would result from an RM instability. Therefore, it is important to differentiate the work between Mügler and Gauthier 16 from that of our present paper. Another major difference between our work and that of Mügler and Gauthier 16 is the range of Mach numbers of the flow under consideration. The RM reshock experiments are usually restricted to relatively low Mach number regime. However, in our numerical simulations, we have investigated the interactions between the RT-induced mixing layer and shock waves of a wide range of values in Mach number. In summary, the objective of this paper is to study the effect of shock waves on the development of the RayleighTaylor instability. Shocks with different Mach numbers are introduced ahead or behind the Rayleigh-Taylor interface, and their effect on the transition to instability is demonstrated and compared. It is observed that shock waves can speed up the transition to instability for the Rayleigh-Taylor interface significantly. Stronger shocks are more effective in this speed-up process.
II. NUMERICAL METHOD AND RTI SETUP
Numerical experiments are performed using a ninthorder finite difference WENO scheme 17 associated with an eighth-order central approximation to the viscous terms, for the two-dimensional nondimensionalized Navier-Stokes equations with gravitation source terms, t + ͑u͒ x + ͑v͒ y = 0, 
where is the density, ͑u , v͒ is the velocity, E is the total energy, and p is the pressure, related to the total energy by E = p / ͑␥ −1͒ + 1 2 ͑u 2 + v 2 ͒ with the ratio of specific heats ␥ being a constant. C is the sound speed satisfying C 2 = ␥p / , Re is the Reynolds number, Pr= 0.7 is the Prandtl number.
The class of high-order finite difference WENO schemes, coupled with total variation diminishing ͑TVD͒ high-order Runge-Kutta time discretizations, 18 was developed in Ref. 19 for the fifth-order accurate version and in Ref. 17 for the higher-order versions, including the ninthorder version that we use in this paper. The resolution of these high-order WENO schemes when applied to high Reynolds number Navier-Stokes equations has been studied in detail in Ref. 20 . It was shown in Ref. 20 that it is advantageous in terms of CPU time to use a higher-order WENO scheme to simulate flows with both shocks and complicated smooth flow features, such as the problem of RayleighTaylor instability under study. This is the motivation for us to choose the ninth-order WENO scheme 17 for the simulation in this paper. The Reynolds number in the Navier-Stokes equations ͑1͒ is taken as Re= 25 000, which requires a mesh size h = 1 / 240 in order to obtain resolved numerical solutions according to the study in Ref. 20 . We set up the RTI as follows. The computational domain is ͓ 0, 
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Zhang, Shu, and Zhou Phys. Plasmas 13, 062705 ͑2006͒ right boundaries. At the top boundary, the flow values are set as =1, p = 2.5, u = v = 0, and at the bottom boundary, they are set as =2, p =1, u = v = 0. Notice that the source term is added to the right-hand side of the third equation and v is added to the fourth equation in the Navier-Stokes system ͑1͒.
In Fig. 1 , the Rayleigh-Taylor flow at T = 1.85, 2.1, and 2.5 is shown. This should serve as a reference to compare with the results in the next section when shock waves are introduced into the flow.
III. SIMULATED RTI FLOW FIELDS AND SHOCK WAVES
We now introduce shocks with different Mach numbers to hit the Rayleigh-Taylor interface at a fixed time T = 1.85, and observe the effects of shock waves when they interact with the RTI flow.
First we put shock waves with Mach numbers 6 , 12, 18, 24 into the computational domain from the top 
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boundary at different times, so that different shock waves hit the head of the Rayleigh-Taylor flow at the same time T = 1.85. The unshocked fluid is the top fluid state: =1, p = 2.5, u = v = 0. Since the moving shock wave makes the RT interface move downward, in order to observe the development of the RT interface at a later time, we extend the computational domain in the simulations to avoid the RT interface moving out of the computational domain. For the shock waves hitting the head of the RT interface, we extend the computational domain in the y direction to ͓−20, 1͔. The initial condition for the domain y Ͻ 0 is the mean flow =2, p =1, u = v = 0; the boundary condition at y = −20 is set to be an outflow. Figure 2 shows the Rayleigh-Taylor interface at four different times after a Mach 6 shock wave hits the head 
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domain y Ͼ 1 is the mean flow =1, p = 2.5, u = v = 0; the boundary condition at y = 20 is set to be an outflow. The right picture in Fig. 6 shows the RT interface at T = 3 after a Mach 12 shock hits the tail of the RT interface at T = 1.85. Also in Fig. 6 , we compare the RT interface at T = 6 for the case without shock interaction, and the RTI flow at T = 3 for the two cases with shock interaction. The shock Mach number is 12 for both cases of the shock hitting the head and hitting the tail of the RT interface. We can observe that the shock waves do speed up the transition of the RT flow to full instability in each case. We also present selective results for the temperature, entropy, and vorticity in Figs. 7-10 , at the time when the shock just hits the tip of the RT interface and at the time when the 
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shock just leaves the tail of the RT interface, respectively, for the Mach 6 and Mach 24 cases. Both color contours and selected one-dimensional cuts are shown to reveal the physical process during this short time period. We remark that even though the initial condition and algorithm are both symmetric, the computed results lose symmetry when full instability develops, due to round-off errors and their amplification by the physical instability. This is common in RT simulations; see, for example, Ref. 21 , where there is a grid refinement study and loss of symmetry appears when the grid is refined enough such that physical instability dominates the flow.
IV. INTERACTION OF SHOCK WAVES AND THE RTI
In this section, we make a more detailed inspection on the physical consequences of a shock wave interacting with an evolving RT flow. In particular, we are interested in whether the shock wave will diminish ͑as in the case of rotating flow͒ or enhance ͑as in the case of magnetic fluid͒ the growth of the mixing zone. Furthermore, we will investigate how such an effect depends on the strength of the shock. Figures 2-5 show the time dependence of the RTI flows after being hit by a shock wave at Mach numbers 6, 12, 18, and 24. As the strength of the shock wave increases, the location of the RTI interface moves downward with the shock wave hitting the head of the interface.
We first look at the observation time at T = 1.9 in Figs. 2͑a͒, 3͑a͒, 4͑a͒, and 5͑a͒. Recall that the shock hits the evolving RTI flow at T = 1.85, therefore, we are observing in these figures the effects of the shock strength at an early time. We can see a modest positive correlation between the strength of the shock wave and the growth of height and complexity of the structures ͑with the development of the associated sec- 
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We now look at time T = 2.3 for Mach 6, 12, and 18 ͓Figs. 2͑b͒, 3͑b͒, and 4͑c͔͒. It is apparent that a strong shock will speed up the development of the mixing layer. With the Mach 6 shock wave, the two structures are still well organized. However, the symmetry is already lost when the Mach 12 shock is employed. When the Mach number reaches 18, we note that the width of the mixing zone has increased significantly. Also, the two symmetric structures in Fig. 2͑b͒ have already merged into one.
Comparing Figs. 2͑c͒ and 3͑d͒ ͑Mach 6 and 12 at T = 2.6͒, we observe that the two structures are at relatively early and later stages of the merging process, respectively. The similar trend is also observed in Figs. 3͑c͒ and 4͑d͒ ͑at T = 2.4͒. For the case of Mach 12, the structures are in the relatively late stage of the merging, but this process is already completed when the Mach number is increased to 18.
When the Mach numbers become very high at 18 and 24, we find that the structures of mixing layer are quite similar at T = 2.2 ͓Figs. 4͑b͒ and 5͑d͔͒. We conjecture that after exceeding some large Mach number, the values of this important parameter may become irrelevant to the detailed process of disrupting the development of an RTI flow by a shock wave. Clearly, additional studies are needed.
We also investigate whether the direction of the shock wave has any consequence on the future development of the mixing layer. Figure 6 suggests that there is a difference in the resulting mixing layer.
To gain some insights on how the shock accelerated the transition to the turbulence process, we now turn our attention to the temperature, entropy, and vorticity measurements of the Rayleigh-Taylor flows at Mach number 6 ͑Fig. 7͒. FIG. 7 . ͑Color online͒ Mach 6 shock interacts with Rayleigh-Taylor flows. Top: shock just hits the head of the RT interface at t = 1.85; bottom: shock just leaves the tail of the RT interface at t = 1.9. Left: temperature; middle: entropy; right: vorticity.
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When the shock just hits the head of the interface ͑T = 1.85͒, there is a fairly sharp division for the temperature field along the shock location ͓Fig. 7͑a͔͒. The mushroom structures generated by the RT instability have not yet changed from their original entropy values ͓Fig. 7͑b͔͒, and the vorticity is relatively small ͓Fig. 7͑c͔͒. However, immediately after the passage of the shock wave ͑T = 1.9͒, the temperature of the mushroom structures increases rapidly ͓Fig. 7͑d͔͒. The entropy of the mushroom structures also increases significantly ͓Fig. 7͑e͔͒. This is consistent with the usual understanding that an energy deposition will result with a passage of a shock. The vorticity is also significantly enhanced ͓Fig. 7͑f͔͒.
Additional insights can be obtained by taking onedimensional cuts for the temperature and entropy plots. We only need to consider the situation after the shock passage ͑Fig. 8͒ and to focus on one of the two structures because of the symmetry. Three x locations are considered. It is interesting to observe that the temperature and entropy at the stem of the mushroom ͑x = 0.12͒ are lower than those at the other two locations. This explains why the flow structure is relatively stable at this location. On the other hand, the temperature 
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and entropy measurements at the cap of the mushroom ͑x = 0.08͒ and at a spin off structure ͑x = 0.05͒ are higher. This suggests that these regions have a much higher level of energy. These higher values of temperature and entropy will lead to the breaking down of the flow structures into much smaller ones. We have also investigated the case of Mach 24 in order to observe the Mach number effect. When the Mach number of the shock is increased, the temperature of the mushroom structures changes to a much higher value ͓Figs. 9͑a͒ and 9͑d͒, before and after the shock passage͔. The entropy gained by the mixing layer is also much higher than that of the Mach 6 case ͓Figs. 9͑b͒ and 9͑e͔͒. Likewise, the enhancement of vorticity is also more significant ͓Figs. 9͑f͒ and 9͑c͔͒. These higher-energy depositions at Mach 24 are the major reason why the mixing layer in this case develops much faster than that of a lower Mach number.
The one-dimensional cuts of both temperature and entropy ͑Fig. 10͒ are very similar to that of the Mach 6 case. These results suggest that the physical process of the mixing layer development remains the same, but at a different rate.
Finally, we offer some comments based on vorticity dynamics. Generically, an interface of two fluids with different densities is associated with a weak vortex layer, 22, 23 as can be recognized from Fig. 7͑c͒ . In Ref. 24 Tryggvason performed a two-dimensional numerical simulation of the Rayleigh-Taylor instability in terms of interfacial vortex sheet dynamics. The shock wave, in our study, becomes curved after hitting the RT structure and results in highly uneven distributions of both the temperature and entropy fields ͓Figs. 7͑d͒, 7͑e͒, 9͑d͒, and 9͑e͔͒. The baroclinic source of vorticity [25] [26] [27] is generated and is responsible for the for- mation of the mushroom-like vortex layers ͓Figs. 7͑f͒ and 9͑f͔͒. These strong vortex layers and the associated strong dilatation layer will induce a further deformation of the interface via the generalized Biot-Savart law. The z component of the cross product of temperature gradient and entropy gradient ͑the baroclinic term͒ also shows the two-sign vorticity source ͑Fig. 11͒. As a result, the passage of a shock accelerates the destruction of the organized RT mushroom-like structure and speeds up the transition of the flow to fully developed turbulence. 
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V. CONCLUDING REMARKS
We observe, through a systematic numerical simulation of the two-dimensional Navier-Stokes equation, that shocks interacting with a Rayleigh-Taylor interface can speed up the transition to full instability for the Rayleigh-Taylor interface significantly. Stronger shocks are more effective in this speed-up process. This conclusion is valid regardless of whether the shock hits the head or the tail of the RayleighTaylor interface. 
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